Abstract-Muscle-mass loss augers increased morbidity and mortality in critically ill patients. Muscle-mass loss can be assessed by wide linear-array ultrasound transducers connected to cumbersome, expensive console units. Whether cheaper, handcarried units equipped with curved-array transducers can be used as alternatives is unknown. Accordingly, our primary aim was to investigate in 15 nondisabled subjects the validity of measurements of rectus femoris cross-sectional area by using a curvedarray transducer against a linear-array transducer-the referencestandard technique. In these subjects, we also determined the reliability of measurements obtained by a novice operator versus measurements obtained by an experienced operator. Lastly, the relationship between quadriceps strength and rectus area recorded by two experienced operators with a curved-array transducer was assessed in 17 patients with chronic obstructive pulmonary disease (COPD). In nondisabled subjects, the rectus cross-sectional area measured with the curved-array transducer by the novice and experienced operators was valid (intraclass correlation coefficient [ICC]: 0.98, typical percentage error [%TE]: 3.7%) and reliable (ICC: 0.79, %TE: 9.7%). In the subjects with COPD, both reliability (ICC: 0.99) and repeatability (%TE: 7.6% and 9.8%) were high. Rectus area was related to quadriceps strength in COPD for both experienced operators (coefficient of determination: 0.67 and 0.70). In conclusion, measurements of rectus femoris crosssectional area recorded with a curved-array transducer connected to a hand-carried unit are valid, reliable, and reproducible, leading us to contend that this technique is suitable for cross-sectional and longitudinal studies.
INTRODUCTION
Loss of muscle mass is common in critically ill patients [1] [2] [3] [4] [5] and is linked to morbidity and mortality [6] . Magnetic resonance and computed tomography are reference-standard imaging techniques for detecting decreases in muscle mass [7] [8] [9] [10] . The high expense and cumbersome nature of these techniques has stimulated interest in ultrasonography [5, 9, [11] [12] . Ultrasonography is valid and reliable and has excellent repeatability [9, 11, 13] , making it ideal for assessing longitudinal changes in muscle dimensions, particularly of locomotor muscles [14] .
To include a field wide enough to capture the crosssectional image of locomotor muscles, investigators employ wide linear-array transducers connected to bulky and expensive console ultrasound units [9, 12, 15] (Figure  1 ). Hand-carried units, by contrast, are portable and 3-4 times less expensive than console units. Hand-carried ultrasounds, however, can usually be equipped only with linear-array transducers that are often too narrow to capture the entire cross-sectional image of lower-limb muscles. These units can also be equipped with curved-array transducers, which capture larger and deeper images than those obtained with linear-array transducers [15] . Whether locomotor-muscle measurements obtained with curved-array and linear-array transducers are equivalent remains unknown [15] [16] . Accordingly, our primary objective was to assess intertransducer validity of rectus femoris measurements obtained using a curved-array transducer connected to a hand-carried unit against measurements obtained with a linear-array transducer-the referencestandard technique. We also tested three secondary objectives. The first was to determine interoperator agreement or reliability of measurements obtained by novice and experienced operators in nondisabled subjects. The second was to determine the reliability and repeatability of measurements obtained by two experienced operators in patients with chronic obstructive pulmonary disease (COPD). Finally, the third was to determine the structure-function relationship of the muscle by exploring the relationship between quadriceps strength and the cross-sectional area of the rectus femoris recorded by two experienced operators with a curved-array transducer [9] .
METHODS

Subjects
Fifteen nondisabled subjects (two women) and seventeen ambulatory men with COPD (mean ± standard error [SE] forced expiratory volume in 1 s = 45% ± 3% predicted) volunteered for the study. Age of the nondisabled subjects ranged from 21 to 42 yr (mean = 30 yr) and body mass index (BMI) ranged from 22 to 31 kg/m 2 (mean = 27 kg/m 2 ). Age of the subjects with COPD ranged from 55 to 82 yr (mean = 66 yr) and BMI ranged from 18 to 37 kg/m 2 (mean = 28 kg/m 2 ).
Rectus Femoris Ultrasound: Nondisabled Subjects
B (brightness) mode ultrasonography of the right and left rectus femoris was carried out in 10 nondisabled subjects during a single session by a novice operator (K. H.) and by an experienced operator (J. M.). Five additional volunteers underwent ultrasonography only by the novice operator. The purpose of these experiments was twofold. The first was to determine the validity of ultrasound measurements obtained with the curved-array transducer compared against the measurements obtained with the linear-array transducer in order to assess intertransducer validity. The second purpose was to determine the agreement between ultrasound measurements obtained by a novice operator and an experienced operator in order to assess interoperator agreement or reliability.
Measurements of muscle cross-sectional area were obtained using a 5 cm-wide linear-array transducer (15 MHz, HFL50x, SonoSite; Bothell, Washington) and a 6 cm-wide curved-array transducer (5 MHz, C60x, SonoSite). The transducers were connected to a hand-carried ultrasound unit (M-Turbo, SonoSite). All images were taken after 20 to 30 min of rest to avoid fluid shifts, which can induce changes in the dimensions of the interstitial and intracellular compartments of the muscle [17] .
During image acquisition, transducers were placed on the anterior aspect of the thigh, perpendicular to its long axis at a point that was three-quarters the distance from the anterior superior iliac spine to the superior aspect of the patellar border. This location was the most proximal position in the thigh where the whole cross-sectional image of the rectus femoris lay within the field of view of both transducers in all subjects. During the study, subjects rested on a gurney with a pillow under the head and the legs maintained in passive extension [9] . Distortion of the underlying tissue during imaging was minimized by gently placing the transducers over the thigh using excess contact gel [9, 12] . To avoid overestimation of muscle dimensions (oblique imaging), operators used visual feedback to obtain the smallest cross-sectional image [9] . In addition, before rectus femoris cross-sectional dimensions were measured on the ultrasound image, participants were instructed to perform gentle contraction-relaxation maneuvers to best delineate the fascia of the rectus femoris. The depth of ultrasound scanning was set to where the femur could be recognized for orientation [9] . In addition, to produce the best contrast between tissues, the operators appropriately adjusted image gain and contrast for each probe and subject [16] .
Once the operators were satisfied with the position of the probe and the quality of the image, they froze the image of the rectus femoris on the ultrasound monitor. Next, the inner echogenic line of the rectus fascia displayed on the ultrasound monitor was outlined using a movable cursor (Figure 2) . The area contained within the outline was automatically calculated by the ultrasound planimetric software. As previously reported by Seymour et al. [9] , the cross-sectional area of the quadriceps was the average of three measurements within 10 percent of one other. Of note, an operator was blind to the scans obtained by the second operator.
Rectus Femoris Ultrasound: Subjects with Chronic Obstructive Pulmonary Disease
B mode ultrasonography of the rectus femoris of the dominant leg was carried out in 17 subjects with COPD during a single session by experienced operator 1 (J. M.) and experienced operator 2 (A. G.). The purpose of this experiment was to determine the agreement between measurements obtained by two experienced operators;
i.e., assessment of interoperator agreement or reliability between experienced operators.
The procedure used in these subjects was similar to that used in the nondisabled volunteers, with two exceptions. First, the 5 cm-wide linear-array transducer could satisfactorily image in its entirety only the cross-sectional image of the distal portion of the quadriceps (see previous section on experiments in nondisabled subjects); therefore, in the subjects with COPD, the two operators used only the 6 cmwide curved-array transducer (5 MHz, C60x, SonoSite). Second, the muscle was imaged at three-fifths the distance from the anterior superior iliac spine to superior patellar border. This location was the most proximal position in the thigh at which the whole cross-sectional image of the rectus femoris lay within the field of view of the transducer footprint in all subjects.
In a subset of 15 subjects with COPD, interoccasion repeatability of the ultrasound measurements of rectus femoris cross-sectional area (dominant leg) was assessed by the two experienced operators after an interval of 2 d to 2 wk. During this time interval, subjects continued their normal level of daily activity and experienced no change in their clinical condition, which remained stable. 
Quadriceps Strength: Subjects with Chronic Obstructive Pulmonary Disease
Quadriceps strength was assessed by recording isometric maximum voluntary contractions (MVCs) during knee extension of the dominant leg [9] . The purpose of this experiment was to explore the relationship between quadriceps strength and rectus femoris measurements obtained with the curved-array transducer in subjects with COPD.
During the MVC maneuvers, subjects rested in the semirecumbent position (hip extension at 150°) on a custom-made gurney while keeping the arms folded across the chest and the legs dangling at the gurney's edge (knee angle flexed at 90°) [18] [19] . The gurney was equipped with a calibrated load cell (Model LCCA-200, Omega; Stamford, Connecticut) connected to a noncompliant strap placed around the subject's dominant leg just proximal to the ankle malleoli [20] and to a strain amplifier/signal conditioner (DMD-465WB, Omega; Stamford, Connecticut). The strain amplifier/signal conditioner, in turn, was connected to a computer for data analysis (DI-158U, DATAQ Instruments; Akron, Ohio). Considering that the rectus femoris is a two-joint muscle that acts on the hip and the knee joints, the subjects' shoulders were securely held against the gurney to avoid the confounding factor of hip movement during MVCs of the quadriceps. In addition, to preclude knee-joint movements, all MVC maneuvers were started at a preload of about 1 kg. This was achieved by controlling the length of the inextensible cable joining the ankle strap and the strain amplifier/signal conditioner. Subjects performed 5-6 isometric contractions each separated by 1 min of rest until consistent traces within 10 percent of the maximum were obtained [19] . Quadriceps strength was taken as the highest tension recorded during the MVC maneuvers [19] .
Statistical Analysis
The validity of measurements obtained with the curvedarray transducer compared with measurements obtained with the linear-array transducer-the reference-standard technique-was assessed by Bland-Altman analysis [21] . In addition, when the assumption of homoscedasticity (equal variances) [22] was satisfied, validity of measurements was also tested by computing the intraclass correlation coefficient [23] . (Homoscedasticity was calculated by computing the correlation between the difference and the average of the areas obtained with the two transducers [11] . ) Bland-Altman analysis [21] and calculation of intraclass correlation coefficients [23] were also carried out to determine interoperator agreement (reliability) and interoccasion repeatability. In addition, typical error of measurements and typical percentage errors [11] were calculated for intertransducer and interoperator measurements. Specifically, typical error of measurement was calculated as the standard deviation of the difference of the areas obtained with the two transducers-or by different operatorsdivided by the square root of two [11] . Typical percentage error was calculated by dividing the mean difference of the areas obtained with the two transducers by the mean area recorded with the curved-array transducer and then multiplying the result by 100 [11] .
RESULTS
The rectus muscle-fascia boundaries were easily ascertained with each transducer (Figure 2 ).
Intertransducer Comparisons (Validity)
Differences in cross-sectional area of rectus femoris recorded with the two transducers were not significant ( Table 1) . Error of measurements and percentage errors were small. Intertransducer coefficient of determination and intraclass correlation coefficients were high ( (Figure 3) . Table 1 .
Validity of curved-array transducer compared with linear-array transducer.
Note: Validity of measurements of cross-sectional area of rectus femoris obtained with curved-array transducer by novice operator and experienced operator in 15 nondisabled subjects and by experienced operator in 10 nondisabled subjects was excellent. * Images of right and left rectus femoris obtained with linear-array transducer and curved-array transducer placed at three-fourths distance from anterior superior iliac spine to superior patellar border. † Bias was calculated as difference in measurements obtained with two transducers and expressed as mean ± standard error.
Interoperator Comparisons (Reliability)
Differences in cross-sectional area of the rectus recorded by an experienced operator and the novice operator in nondisabled subjects and by two experienced operators in subjects with COPD were not significant ( Table 2) . Error of measurements and percentage errors were small. Interoperator coefficient of determination for measurements in nondisabled and COPD subjects and intraclass correlation coefficients were high ( Table 2) . Differences in measurements in nondisabled (Figure 4) and COPD subjects were distributed around zero ( Figure 5 ).
Interoccasion Comparisons (Repeatability)
Repeatability of measurements recorded by two experienced operators in subjects with COPD were high ( Table 3 ). Reliability of measurements of cross-sectional area of rectus femoris in nondisabled subjects and subjects with chronic obstructive pulmonary disease (COPD).
Note: Reliability of measurements of cross-sectional area of rectus femoris obtained by novice operator compared with measurements obtained by experienced operator in 10 nondisabled subjects and by two experienced operators in 17 men with COPD was excellent. * Images of right and left rectus femoris obtained with transducers placed at three-quarters distance from anterior superior iliac spine to superior patellar border. † Images of rectus femoris (dominant leg) obtained with curved-array transducer placed at three-fifths distance from anterior superior iliac spine to superior patellar border. ‡ Bias was calculated as difference in measurements recorded with two transducers and expressed as mean ± standard error.
Quadriceps Strength and Cross-Sectional Area: Subjects with Chronic Obstructive Pulmonary Disease
The mean ± SE tension during MVCs of the quadriceps in subjects with COPD was 54 ± 4 kg. The value of the MVCs of the quadriceps was positively correlated with the dimensions of the muscle recorded by the two experienced operators: coefficient of determination (r 2 ) of 0.67 and 0.70 for experienced operator 1 (J. M.) and experienced operator 2 (A. G.), respectively (p < 0.001).
DISCUSSION
This study has four major findings. First, rectus femoris dimensions obtained with a curved-array transducer connected to a hand-carried unit were valid. Second, reliability of measurements by a novice and an experienced operator in nondisabled subjects was high. Third, reliability and repeatability of measurements by two experienced operators in COPD were high. Finally, rectus femoris cross-sectional area recorded with a curved-array transducer was positively related to quadriceps strength in COPD.
Intertransducer Comparisons
Measurements of the area of rectus femoris with the two transducers were not carried out until the investigators were first satisfied with identification of the muscle fascia on the monitor. This task was easily accomplished by the investigators with each transducer, as signaled by the small within-subject coefficient of variation for lineararray measurements (range = 0.2%-6.8%) and curvedarray measurements (range = 0.1%-6.3%).
Rectus measurements obtained with the curved-array transducer were compared to measurements obtained with the linear-array transducer-the reference-standard technique. These comparisons were carried out using several statistical evaluations that uniformly demonstrated the validity of curved-array transducer measurements ( Table 1) .
Interoperator Comparisons
Reliability of measurements in nondisabled subjects and in subjects with COPD was high. Nevertheless, typical percentage error of area measurements in nondisabled subjects was seven times greater than the corresponding value in subjects with COPD ( Table 2) . At least three factors may have contributed to these findings. First, there were differences in operator expertise: imaging in nondisabled subjects was obtained by an experienced and a novice operator, whereas it was obtained by two experienced operators in subjects with COPD. Second, measurements of area are very sensitive to operator error. For instance, acquisition and measurement of images obtained by two or more operators can be incongruent as a result of differences in transducer placement (oblique imaging) [9] , muscle-contour deformation (caused by dissimilar pressure on the thigh during image acquisition), and errors in tracing the muscle image. Finally, intertransducer comparison required imaging of the rectus at a more distal location in nondisabled subjects than in subjects with COPD, resulting in a smaller cross-sectional image: 4.04 ± 0.24 cm 2 versus 6.03 ± 0.56 cm 2 (p = 0.003).
The aforementioned differences in interoperator agreement and repeatability errors are unlikely to be clinically significant. During a period of about 7 d of Table 3 .
Interoccasion repeatability of rectus femoris measurements of cross-sectional area obtained in subjects with chronic obstructive pulmonary disease (COPD) by two experienced operators.
Note: Interoccasion repeatability of measurements of cross-sectional area of rectus femoris obtained by two experienced operators in 15 men with COPD 2 d to 2 wk apart was excellent. * Images of rectus femoris (dominant leg) obtained with curved-array transducers placed at three-fifths distance from anterior superior iliac spine to superior patellar border. † Bias was calculated as difference in measurements recorded with two transducers and expressed as mean ± standard error.
illness, decreases in cross-sectional area range from 14 to 18 percent [5, [8] [9] . Neuromuscular electrical stimulation, for example, can yield a 13 percent increase in quadriceps cross-sectional area [24] . These changes are greater than the typical interoperator percentage error (1.4%) and interoccasion percentage error (7.6%-9.8%) of measurements with the curved-array transducer in this study ( Table 3) . That is, the curved-array transducer can detect changes expected to occur in response to catabolic or anabolic conditions [5, [8] [9] . These considerations support the use of curved-array transducers for longitudinal studies of rectus dimensions. Our findings also underscore the ease with which operators can be trained [25] and that curved-array transducers require no greater expertise than that employed in the use of linear-array transducers.
Quadriceps Strength and Rectus Femoris Dimensions: Subjects with Chronic Obstructive Pulmonary Disease
In subjects with COPD, measurements of rectus crosssectional area recorded with the curved-array transducer were related to quadriceps strength. These results are consistent with a report that rectus cross-sectional area recorded with a wide, linear-array transducer (connected to a console unit) is closely related to quadriceps strength [9] . That is, the close association between quadriceps force and rectus area measured with a curved-array transducer underscores the reliability of this transducer for assessment of muscle abnormalities. In addition, the findings suggest that measurements can be successfully performed with a transducer connected to a hand-carried unit that is less bulky and 3-4 times cheaper than a console-unit.
Critique of Methods
Most of the nondisabled subjects were not obese, and no subject had lower-limb edema. Obesity and lowerlimb edema will cause the rectus femoris to be located further away from an ultrasound transducer. Linear-array transducers have less tissue penetration than curved-array transducers [26] , and thus, an increase in muscle-totransducer distance may impede complete visualization of large muscles such as the rectus femoris. These considerations raise the possibility that our already very positive results with the curved-array transducer would have been even more robust if we had recruited subjects with lower-limb edema or severe obesity (BMI: 35-40 kg/m 2 ).
Echo intensity of the rectus femoris increases with age [27] , and thus, identification of the inner margin of the rectus fascia may be less accurate in older individuals. This difficulty might be expected to be greater with the use of curved-array transducers, which, by design, have less image resolution than linear-array transducers [26] . Contrary to this possibility, the operators easily identified the rectus fascia in the 14 subjects with COPD who were older than 70 yr.
Operators occasionally reported difficulty in identifying the rectus fascia when using the linear-array transducer. This difficulty was usually caused by the greater image resolution obtained with the linear-array transducer than with the curved-array transducer, because the latter caused excessive accentuation of the connective tissue sheaths that extend from the muscle fascia (epimysium) into the body of the muscle (perimysium). Despite these difficulties, the within-subject coefficients of variation for linear-array and curved-array measurements were equivalent (range: 2.3%-3.1%) in subjects with an average BMI of 23 and 30, respectively.
CONCLUSIONS
This is the first demonstration that measurements of the cross-sectional dimensions of the rectus femoris with a curved-array transducer connected to a hand-carried unit are valid, reliable, and reproducible, leading us to contend that this technique is suitable for cross-sectional and longitudinal studies. Institutional Review: The study was approved by the local human studies subcommittees and written informed consent was obtained from all participants after full explanation of the aims and procedures. Participant Follow-Up: The authors do not plan to inform participants of the publication of this study.
